Cytosolic calcium influx activates signaling pathways known to support pancreatic beta cell function and survival by modulating gene expression. Impaired calcium signaling leads to decreased beta cell mass and diabetes. To appreciate the causes of these cytotoxic perturbations, a more detailed understanding of the relevant signaling pathways and their respective gene targets is required. In this study, we examined the calcium-induced expression of the cytoprotective beta cell transcription factor Npas4. Pharmacological inhibition implicated the calcineurin, Akt/protein kinase B, and Ca 2؉ / calmodulin-dependent protein kinase signaling pathways in the regulation of Npas4 transcription and translation. Both Npas4 mRNA and protein had high turnover rates, and, at the protein level, degradation was mediated via the ubiquitinproteasome pathway. Finally, beta cell cytotoxicity of the calcineurin inhibitor and immunosuppressant tacrolimus (FK-506) was prevented by Npas4 overexpression. These results delineate the pathways regulating Npas4 expression and stability and demonstrate its importance in clinical settings such as islet transplantation. 4 The abbreviations used are: CREB, cAMP response element-binding protein;
Pancreatic beta cells are critical for the regulation of systemic glycemia because of their ability to sense ambient glucose levels and release the glucose-lowering hormone insulin. The triggering phase of insulin secretion involves glucose uptake into the cell via GLUT1/2, phosphorylation by glucokinase, and metabolism into ATP. This results in the closure of the ATP-sensitive potassium channel, followed by membrane depolarization, calcium influx through L-type voltage-dependent calcium channels and exocytosis of insulin granules (1, 2) .
In addition to the direct stimulation of insulin secretion, calcium influx also triggers a number of calcium-dependent signaling pathways that promote beta cell function and survival ( Fig. 2A) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Downstream of these signaling pathways, activation of transcription factors of the CREB, 4 forkhead box protein O (FOXO), and NFAT families mediates gene expression. CREB mediates anti-apoptotic effects in beta cells involving the action of insulin (14) or the incretin hormones (e.g. gastric inhibitory polypeptide and glucagon-like peptide 1) (15, 16) , whereas FOXO1 prevents stress-induced beta cell dedifferentiation (17) and reduces glucose-induced oxidative stress (18) .
In further support of the functional importance of calcium signaling pathways in beta cells, knock out of the regulatory subunit calcineurin b1 of the phosphatase CaN resulted in hypoinsulinemia and hyperglycemia because of reduced beta cell proliferation and mass in aged mice (5) . Conditional expression of active NFATc1 (which localizes to the nucleus independently of CaN) rescued the knockout phenotype.
The importance of calcineurin activity within human ␤ cells has also been demonstrated during transplantation. Use of the CaN inhibitor tacrolimus (FK-506) as an immunosuppressant results in early graft failure of human islets transplanted into diabetic mice (19) , causes beta cell toxicity, and is linked to new-onset diabetes (20 -26) . Given the importance of calcium signaling in the maintenance of beta cell function and viability, a more thorough understanding of the relevant signaling pathways and their respective gene targets could offer further insights into the nature of the cytotoxicity caused by impaired calcium signaling.
We have previously identified Npas4 (27) (28) (29) as a calciumregulated, cytoprotective beta cell transcription factor (12, 30) . Npas4 was induced rapidly and dramatically in beta cells by membrane depolarization and calcium influx. Expression of Npas4 protected beta cells from thapsigargin-and palmitateinduced ER stress and prevented apoptotic cell death (12) . However, the beta cell signaling pathways that couple elevations in intracellular calcium with Npas4 induction have not been described previously.
In this report, we demonstrated that Npas4 mRNA expression in beta cells relies on signaling pathways downstream of the kinases Akt and CaMK and the phosphatase CaN. Npas4 was regulated dynamically at the transcriptional and translational levels via rapid degradation. At the protein level, this was mainly achieved via ubiquitin-dependent proteasomal degradation. Furthermore, Npas4 overexpression prevented FK-506induced cytotoxicity. On the basis of our findings, we speculate that some of the beta cell cytotoxic effects of FK-506 are due to suppression of CaN-dependent Npas4 induction. Therefore, restoring Npas4 expression may have therapeutic potential for islet transplantation.
2 h. For assessment of insulin signaling on Npas4 expression, MIN6 cells were kept in serum-free KRBH with 2.8 mM glucose for 2 h, followed by stimulation with or without 20 nM of fastacting human insulin (Novo Nordisk Canada) for 2 h.
For Npas4 stability studies, cells were stimulated with 40 mM KCl for 2 h and then either subjected to continued KCl exposure or transferred to basal medium for 1-4 h, respectively. To study mRNA decay, ActD was used to block transcription at a concentration of 5 g/ml. Npas4 protein half-life was assessed using 10 M of the proteasome inhibitor MG132. Alternatively, MIN6 cells were subjected to 2 h of 40 mM KCl stimulation followed by 1-2 h of KCl treatment with or without 1.5 g/ml of the translational blocker cycloheximide.
Lysates were collected in TRIzol (LifeTech) for real-time quantitative PCR or in non-reducing sample buffer-minus lysis buffer (62.5 mM Tris (pH 6.8), 1 mM Na 3 VO 4 , 1 mM NaF, 2% SDS, and 10% glycerol in distilled H 2 O) for Western blot analysis. Alternatively, lysates for Western blot were collected in Nonidet P-40 lysis buffer (150 mM NaCl, 20 mM Tris (pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 2% SDS, 5% glycerol, and 0.5% Nonidet P-40 in distilled H 2 O). Protein concentration was determined via BCA assay.
Adenoviral Infection and Cell Death Assay-Npas4 and eGFP adenovirus were constructed using the AdEasy system. Prior to infection, MIN6 cells were seeded at 1.0 ϫ 10 6 cells/well into 6-well plates. Islets were dispersed by 0.25% trypsin digestion and seeded into 12-well plates. All cells were infected with a multiplicity of infection of 20:1 in 800 l of medium (MIN6 cells) or 10:1 in 250 l of medium (islets) for 2 h. Afterward, the medium was topped up to 2 or 1 ml, respectively, and infection continued overnight. The following day, the medium was removed, and cells were washed with PBS and recovered for 6 h in standard culture medium prior to treatment.
Cells infected with Ad-Npas4 or Ad-eGFP were transferred to culture medium containing vehicle (DMSO) or FK-506 (10 or 37 nM) and cultured for 24 h. Protein lysates were obtained in Nonidet P-40 lysis buffer (MIN6 cells) or non-reducing sample buffer-minus lysis buffer (islets). Cell death was assayed via Western blot analysis against cleaved caspase-3.
Real-time Quantitative PCR-RNA was extracted and purified with TRIzol according to the protocol of the manufacturer. Reverse transcription was performed using Superscript II (LifeTech). For quantitative PCR, samples were run in triplicate using 40 ng of cDNA and PrimeTime primers/probes (Integrated DNA Technologies) in a ViiA7 real-time PCR system (ABI). Expression levels were quantified with the ⌬⌬Ct method using GusB as a reference gene. The probe/primer1/primer2 used were as follows: GusB, TCTAGCTGGAAATGTTCACT-GCCCTG/CACCCCTACCACTTACATCG/ACTTTGCCAC-CCTCATCC; Npas4, TGCATCAACTCCAGAGCCAAG-TTCA/GTCTCAACATTCCCCTACGAAG/CCCTCCACTT-CCATCTTCATG.
Co-immunoprecipitation-MIN6 cells were cultured in basal medium, treated for 2 h with 40 mM KCl, or treated with KCl followed by a 1-h washout in basal medium. The proteasomal inhibitor MG132 (10 M) was used to prevent degradation of ubiquitinated protein. Cells were then washed twice with icecold PBS, and lysates were obtained on ice using precooled Nonidet P-40 buffer (Nonidet P-40 lysis buffer without SDS, supplemented with 1 mM Na 3 VO 4 , 50 mM NaF, 50 mM ␤-glycerophosphate, and protease inhibitor mixture (Roche)). To remove insoluble material, lysates were spun down at 14,000 ϫ g for 10 min at 4°C and stored at Ϫ80°C until use. Protein concentration was determined via BCA assay.
10% of lysate (30 g) was set aside as input. Lysate containing 300 g of total protein was incubated with 1 g of mouse antiubiquitin (Enzo Life Sciences, catalog no. BML-PW8810) at 4°C overnight with gentle agitation. The next day, 0.75 mg of protein G Dynabeads (LifeTech) were suspended in Nonidet P-40 buffer and added to the lysate-antibody mixture. Incubation continued with agitation for 4 h at 4°C.
Afterward, bead-antibody-antigen complexes were separated magnetically, washed three times with 0.02% Tween-PBS, and transferred to a new tube. Complexes were then disrupted by resuspension in Nonidet P-40 buffer containing diluted 10ϫ SDS loading dye (625 mM Tris-HCl (pH 6.8), 10% SDS, 0.02% bromophenol blue, 30% ␤-mercaptoethanol, and 50% glycerol in H 2 O) and through boiling. Half of the volume of the resulting immunoprecipitation fraction was used for Western blotting.
Western Blot Analysis-For Western blot analysis, crude lysates obtained in non-reducing sample buffer-minus or Nonidet P-40 lysis buffer were sonicated for 2 min at 85% (S-4000 with cup horn, Misonix). 10ϫ SDS loading dye was added, and samples were denatured by boiling. Proteins were separated using standard SDS-PAGE and blotted to PVDF membrane (Bio-Rad). After blocking with 5% milk powder in Tris-buffered saline with 0.1% Tween, membranes were probed with 1:1000 rabbit anti-NPAS4 (Sigma, catalog no. HPA039255), 1:1000 rabbit anti-cleaved caspase-3 (Cell Signaling Technology, catalog no. 9661), or 1:100,000 mouse anti-GAPDH (Sigma-Aldrich, catalog no. G8795) overnight at 4°C. Membranes were then probed with HRP-conjugated secondary antibodies used at a dilution of 1:10,000 (goat anti-mouse, Jackson ImmunoResearch Laboratories, catalog no. 115-035-174) or 1:5000 (goat anti-rabbit, Jackson ImmunoResearch Laboratories, catalog no. 111-035-047) and visualized using Luminata Crescendo Western HRP substrate (EMD Millipore). Relative protein immunoreactivity was measured using densitometry (ImageJ).
Statistics-Prism 5 (GraphPad) was used for statistical analysis. Student's t test and one-way ANOVA with Dunnett post hoc analysis or Bonferroni's multiple comparison test were used. p Յ 0.05 was considered significant.
Results

Npas4 Expression Depends on CaMK, Akt, and CaN Signaling in Beta Cells-Because
Npas4 is induced by depolarization and dependent on calcium ( Fig. 1 ) (12), we first aimed to understand which of the major calcium signaling pathways regulate Npas4 transcription using pharmacological inhibitors ( Fig. 2A ) (31) . These kinase and phosphatase inhibitors were verified using Western blot analysis for phosphoproteins. 5 Using the above approach, the CaMK inhibitor KN-93 completely prevented Npas4 mRNA induction ( Fig. 2B ). To verify a role of CaMKII for Npas4 induction, the peptide inhibitor AIP (32) was used and significantly reduced the induction of Npas4 expression under stimulatory conditions ( Fig. 2C ), although to a lesser degree than with KN-93. This is likely because AIP is less effective at suppressing CaMKII activity in beta cells than KN-93. 5 Because insulin has autocrine effects on beta cells, including increases in cytosolic calcium (through effects on sarco/endoplasmic reticulum Ca 2ϩ -ATPase) and regulation of gene transcription (33) , the role of insulin receptor signaling in Npas4 expression was assessed using the Akt inhibitor Akti-1/2 and the mTOR inhibitor Rapa. Npas4 mRNA levels were reduced mildly with a high dose of the Akt inhibitor but not Rapa (Fig.  2D ). To understand whether autocrine insulin action is sufficient to induce Npas4 expression, as reported for other beta cell genes (34) , serum-starved MIN6 cells were treated with 20 nM human insulin in low-glucose, serum-free KRBH. No induction of Npas4 mRNA was seen compared with the control ( Fig. 2E ), suggesting that autocrine-paracrine regulation of Npas4 expression via insulin receptor signaling is dependent on depolarization.
Finally, the CaN inhibitor FK-506 significantly reduced Npas4 mRNA induction at concentrations as low as 10 nM ( Fig.  2F ), demonstrating that CaN signaling is a major pathway through which Npas4 transcription is activated. Notably, pharmacological inhibition of CaMKK, AMPK, PKC, or MEK1/2 did not affect Npas4 induction ( Fig. 3 , A-D). These results show that the CaMK, Akt, and CaN signaling pathways are important in the regulation of Npas4 transcription in beta cells.
Next, we determined whether the transcriptional changes seen with KN-93, FK-506, and Akti-1/2 were reflected at the protein level. Although blocking CaMKs with KN-93 prevented expression of Npas4 in MIN6 cells and mouse islets ( Fig. 4 , A-D), AIP failed to do so ( Fig. 5, G and H) . It is likely that AIP did not work efficiently in beta cells because positive controls showed reduced CREB phosphorylation after KN-93 but not AIP treatment. 5 CaN inhibition with FK-506 in MIN6 cells and islets ( Fig. 4 , I-L) resulted in a 60% and 74% decrease in the 5 T. Speckmann, unpublished observation. FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6
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induction of Npas4 protein, respectively, compared with the 37% inhibition of transcript induction with 10 nM FK-506 ( Fig.  2F ), raising the possibility that CaN has additional effects on Npas4 translation or stability. Strikingly, although Akt inhibition only modestly decreased Npas4 transcription, protein expression was reduced by ϳ75% when using Akti-1/2, independent of mTOR signaling ( Fig. 4 , E-H).
Inhibitors that had no significant effect on Npas4 transcription also failed to affect protein levels ( Fig. 5 , A-F). However, inhibition of MEK1/2 resulted in a mobility shift of the Npas4 band from ϳ120 to 110 kDa (Fig. 5A ). This suggested that Npas4 was phosphorylated by a member of the MAPK family. Lastly, although the AMPK inhibitor was not effective at preventing Npas4 induction at the mRNA level ( Fig. 3B ), Npas4 protein expression was reduced after application of compound C (Fig. 5, I and J) .
Together, our findings demonstrate that Npas4 protein expression is highly regulated and demonstrate a role for CaN, CaMK, Akt, and AMPK signaling in Npas4 translation and sta-bility. The results also implicate the MAPK pathway in posttranslational modification of Npas4.
Cellular Activity Dynamically Regulates Npas4 Expression in MIN6 Beta Cells-We next sought to understand how Npas4 mRNA and protein are regulated when induced. Following a 2-h KCl stimulation, additional exposure to stimulatory conditions (ϩKCl) or transfer to non-stimulatory conditions (ϩBasal) both resulted in a gradual, time-dependent decrease of Npas4 expression ( Fig. 6A ). Continued exposure to KCl slowed the return of Npas4 levels to baseline (t1 ⁄ 2 , 55.7 Ϯ 12.3 min for ϩKCl versus 24.8 Ϯ 2.5 min for ϩBasal), likely through predominant effects on Npas4 transcription. To test this, de novo transcription was blocked with ActD, and, following 2-h KCl treatment, Npas4 mRNA was stabilized modestly after 1 h in stimulatory medium (ϩKCl ϩActD, t1 ⁄ 2 ϭ 28.1 Ϯ 3.1 min) compared with basal medium (ϩBasal ϩActD, t1 ⁄ 2 ϭ 12.6 Ϯ 4.1 min) ( Fig. 6B ). In addition, following KCl stimulation, MIN6 cells remained refractory to further Npas4 induction for up to 5 h ( Fig. 7) . Together, this suggests that Npas4 mRNA has a high turnover rate that is decreased in the presence of a stimulus and that a recovery period is required before Npas4 expression can be restimulated.
The dynamic changes in mRNA levels were also reflected at the protein level ( Fig. 6 , C-F). Under continuous KCl treatment, Npas4 protein levels declined modestly by 10 -38% for the first 1-3 h and had dropped by 55% 4 h after the initial stimulus ( Fig. 6, C and D) . Cells transferred to basal medium demonstrated a more rapid decay of Npas4 protein, reaching 50% after 1 h and close to baseline levels (90% reduction) after 4 h in basal medium (Fig. 6 , E and F). Moreover, following the initial 2-h KCl treatment, Npas4 protein levels were reduced significantly by 86% after 1-h co-treatment with KCl and the translational blocker cycloheximide (Fig. 6, G and H) , suggesting that depolarization alone has no effect on protein stability. In conclusion, Npas4 protein has a short half-life and is degraded continuously, and stimulatory conditions do not prevent degradation.
Npas4 Is Degraded via the Ubiquitin-Proteasome Pathway-Although the above studies demonstrate that Npas4 protein expression decays rapidly, how it is degraded remains unclear. The ubiquitin-dependent proteasomal pathway is the primary pathway for protein degradation and may also play a role in preventing ER stress through clearance of protein aggregates in the beta cell (35) . Its role in regulating Npas4 protein in MIN6 beta cells was studied with the use of the proteasomal inhibitor MG132. In the presence of MG132, the previously observed decreases in Npas4 protein levels ( Fig. 6 , C-F) were prevented or reduced following continued stimulation in KCl or transfer to basal medium (Fig. 8, A-D) . These findings were corroborated by co-immunoprecipitation of Npas4 with ubiquitin ( Fig.  8E ). Of note, there was a trend toward Npas4 protein accumulation in KCl-stimulated cells treated with MG132 (Fig. 8, A and  B) , suggesting that proteasomal repression during beta cell activity might result in Npas4 stabilization (36) . In summary, the above findings demonstrate that Npas4 protein is ubiquitinated and degraded via the proteasome.
Npas4 Prevents FK-506 Induced Beta Cell Death-Because Npas4 is regulated by calcineurin ( Figs. 2 and 4 ) and the immu- FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6
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nosuppressant FK-506 (a CaN inhibitor, Fig. 2A ) is toxic for beta cells (6) and has been implicated in new-onset diabetes (25) , we hypothesized that loss of Npas4 induction in FK-506treated beta cells may cause beta cell cytotoxicity. Furthermore, restoration of Npas4 expression would be protective against the detrimental effects of FK-506 treatment. To bypass the inhibitory effects of FK-506 on Npas4 expression, MIN6 and dispersed islet cells were transduced with an Npas4 or eGFP control adenovirus, followed by treatment with 10 or 37 nM FK-506 for 24 h. In agreement with previous findings, FK-506 increased levels of cleaved caspase-3 in eGFP-transduced MIN6 cells, but overexpression of Npas4 completely prevented the FK-506mediated induction of cleaved caspase-3 (Fig. 9, A and B) . A similar trend was also observed in dispersed murine islet cells ( Fig. 9, C and D) . This indicates that Npas4 may be able to protect beta cells from the detrimental effects of clinically relevant FK-506 regimens.
Discussion
In our previous report, we provided evidence for the beneficial effects of calcium-dependent Npas4 expression in beta cells (12) but had not identified the relevant calcium signaling pathways involved in its induction, dynamics of expression, or stability. In this report, we demonstrate that glucose-stimulated Npas4 expression in beta cells is dependent on CaMK, Akt, and CaN signaling and that Npas4 protein is posttranslationally modified by MAPK signaling. Moreover, Npas4 message and protein levels decay rapidly after the removal of a stimulus, and protein stability is mainly regulated via ubiquitin-proteasomal degradation. Finally, evidence supporting a calcineurin-dependent cytoprotective role for Npas4 is provided, which demonstrates that inhibition of Npas4 expression is a potential mechanism through which the immunosuppressant FK-506 exerts cytotoxicity on islet cells and suggests that expressing Npas4 during islet transplantation might prove to be protective.
Npas4 mRNA and protein levels appear to be regulated tightly, induced rapidly upon depolarization, and degraded quickly after removal of such stimulatory conditions (Fig. 6 ). Posttranscriptional regulation of mRNA stability and translation is known to be regulated by miRs (37) that might be involved in the rapid degradation of Npas4 mRNA. As Bersten et al. (38) have shown, neuronal Npas4 mRNA stability was regulated negatively by miR-224 and miR-203 targeting the 3Ј UTR. It remains to be determined whether miR-224/miR-203 expression contributes to the regulation of Npas4 mRNA stability in beta cells.
Additionally, cellular activity (i.e. depolarization) of MIN6 cells increased Npas4 t1 ⁄ 2 2.2-fold, independent of de novo transcription (Fig. 6B) . A similar stabilizing effect of elevated glucose was observed by Welsh et al. (39) on preproinsulin t1 ⁄ 2 (77 h in high glucose versus 29 h in low glucose). It was later discovered that high glucose and cAMP-dependent stabilization of preproinsulin mRNA are likely mediated via translocation of polypyrimidine tract binding protein from the nucleus to the cytoplasm, where it binds the 3Ј UTR of preproinsulin RNA and stabilizes it as part of a multiprotein complex (40) . It will be interesting to determine whether a similar mechanism governs Npas4 mRNA stability in beta cells in response to cellular activity.
We demonstrated that Npas4 protein degradation mainly depends on the ubiquitin-proteasome pathway (Fig. 8 ). This posttranslational control ensures that, in the absence of stimuli, Npas4 protein is degraded efficiently. Notably, during periods of beta cell activity, several genes of the ubiquitin-proteasome pathway are down-regulated (36) . This pathway may be advantageous in the case of Npas4 because it would result in decreased degradation and, possibly, a greater cytoprotective effect. Previous studies have implicated the von Hippel-Lindau tumor suppressor, which mediates substrate specificity as part of an ubiquitin E3 ligase complex, in the degradation of another PAS (Per-Arnt-Sim) domain transcription factor, Hif1␣ (30, 41, 42) . However, we saw no interaction between Npas4 and von Hippel-Lindau tumor suppressor. 5 Furthermore, a gradual reduction in Npas4 protein after transfer to non-stimulatory conditions in the presence of MG132 (Fig. 8, C and D) suggested the contribution of other degradation mechanisms, such as lysosomal cathepsins or calpain-mediated decay (43, 44) . Their involvement remains to be established. Nonetheless, these findings have implicated the relevance of ubiquitination in the regulation of Npas4 and warrants studies of the contributions of other posttranslational modifications on Npas4 stability, activity, and subcellular localization, such as SUMOylation and phosphorylation.
In agreement with what has been observed during hippocampal Npas4 induction (45), we confirmed that PKC was not involved in beta cell Npas4 expression. In the same study, a MEK inhibitor only modestly decreased hippocampal Npas4 induction, which is comparable with our observations (Fig. 3D) . Notably, Ooe et al. (45) determined that Npas4 protein phosphorylation and transcriptional activity were MAPK-dependent. Here we also observed a mobility shift of the Npas4 band. It may be informative to follow up on this observation and understand whether phosphorylation or another posttranslational modification is driven by MAPK signaling and to establish the physiological role of such modification. 
Npas4 Is Regulated by Calcium and Prevents Beta Cell Death
Npas4 expression had been previously linked to CaMKs (46) , and CaMKIV is the main isoform regulating Npas4 in the brain (47) . Notably, CaMKI and CaMKIV depend on phosphorylation events by CaMKK␣/␤, and we observed inhibition of Npas4 induction by KN-93 but not STO-609, a specific CaMKK inhibitor ( Figs. 2B and 3A) . This indicated that Npas4 is regulated by CaMKII but not CaMKK-dependent CaMKI/IV or AMPK signaling (31) . The latter was supported at the RNA level by using the AMPK inhibitor compound C, which had no effect on Npas4 mRNA, and the CaMKII inhibitor AIP, which caused modest reductions in Npas4 mRNA induction. Paradoxically, we observed reductions in Npas4 protein with compound C but not AIP.
AMPK has diverse biological roles (8, 48, 49) and can be activated by KCl-induced calcium influx in beta cells (50) . Although AMPK is not involved in regulating Npas4 transcription, it is possible that its activity controls Npas4 translation or protein turnover through an unknown mechanism. Compound C, however, has documented off-target effects (51) , warranting cautious interpretation of these results and requiring further studies with more specific inhibitors. FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6
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As for the CaMKII inhibitor AIP, it is likely that low cell permeability prevented it from having a significant effect on Npas4 protein levels. It has been noted that the CaMK inhibitor KN-93 may inhibit L-type voltage-dependent calcium channel currents through blocking of its ␣1C and ␣1D subunits (Ca V 1.2 and Ca V 1.3) (10, 52). Nonetheless, using the ratiometric calcium probe Fura-2, we did not observe a reduction in calcium influx in MIN6 cells following application of KN-93 with KCl. 5 Recently, Santos et al. (53) described a "metabolic memory" of human islet cells, accomplished through consecutive highglucose pulses interspersed by low-glucose breaks to human islets. Following a 24-h consolidation period, pulse-treated islets had higher levels of phosphorylated (active) CaMKII and mounted a stronger insulin response to a glucose stimulus compared with control or KN-93 treated islets. The metabolic memory was CaMKII-dependent and involved up-regulation of key proteins for glucose sensing and insulin release and production. Here we used KN-93 to prevent Npas4 RNA and protein induction. Additionally, we gathered preliminary evidence that beta cells "remember" prior induction of Npas4 expression, requiring up to 5 h before the same stimulus can induce equal levels of Npas4 again (Fig. 7) . Therefore, we propose that Npas4 could contribute to the CaMKII-induced metabolic memory.
In islet cells, PI3K/Akt signaling has been shown to promote protein synthesis, survival, and proliferation and is a common downstream signaling cascade for many growth factors, including insulin (54 -57) . Neuronal Npas4 mRNA expression had been linked previously to stimulation by growth factors (45, 58) , although this may not translate to changes at the protein level (29) . Specifically, Ooe et al. (45) have reported that Npas4 expression downstream of NGF stimulation was dependent on PI3K/Akt. The MIN6 and islet in vitro model used in our study likely features insulin as a predominant growth factor because it is readily secreted into the culture medium and can signal through the insulin receptor in a paracrine-autocrine fashion (33, 59, 60) . However, gene expression analysis for Npas4 in MIN6 cells treated with insulin showed no induction compared with controls ( Fig. 2E) , likely because depolarization and calcium influx are crucial to Npas4 expression (12) , and Akt signaling may not trigger these events alone. Because glucose stimulation or depolarization of beta cells results in insulin secretion and, likely, Akt activation, a role for Akt signaling on Npas4 expression in beta cells was studied via pharmacological inhibition of Akt under stimulatory conditions. Although the effects on Npas4 transcription were modest, Npas4 translation or protein stability in beta cells seems to be critically dependent on Akt signaling (Fig. 4, E-H) . The Rapa-sensitive mTOR complex 1 is downstream of Akt and positively controls cap-dependent translation initiation (61-63), but we did not observe any effects on Npas4 protein levels with Rapa. Akt-dependent . FK-506-induced beta cell death is prevented by overexpression of Npas4. MIN6 cells or dispersed mouse islet cells were infected with control virus (Ad-eGFP) or Ad-Npas4 overnight at a multiplicity of infection of 20:1 or 10:1, respectively. The medium was replaced, and cells were given a 1-day recovery period. Following 24-h treatment with vehicle (DMSO) or clinically relevant doses of FK-506 (10 or 37 nM), expression of the apoptosis marker cleaved caspase-3 was assessed via Western blot analysis and quantified using densitometry, with GAPDH as a reference and normalizing to eGFP-transduced, DMSO-treated cells. A and B, Ad-eGFP infected MIN6 had significantly increased levels of cleaved caspase-3 after treatment with 10 and 37 nM FK-506 whereas Ad-Npas4transduced MIN6 cells did not. C and D, after 24-h treatment with vehicle or 37 nM FK-506, dispersed islet cells infected with eGFP showed increased cleaved caspase-3 expression, whereas Npas4 transduction prevented it. Error bars represent mean Ϯ S.E., and significance was determined using a one-way ANOVA with Bonferroni's multiple comparison test and Bartlett's test for equal variances (n ϭ 5). ***, p Յ 0.001. and mTOR-independent regulation of translation has been reported for Hif1␣, another PAS domain protein (64) . Consequently, the main effect of Akt signaling may occur through direct or indirect effects on Npas4 translation. However, an effect on protein stability cannot be ruled out without additional experiments. Finally, constitutively activated Akt signaling has been shown to reduce beta cell susceptibility to free fatty acid-induced apoptosis and protect from ER stress (65, 66) . Because similar observations have been made for Npas4 (12) , it is conceivable that some of the prosurvival effects of Akt signaling are mediated through improved translation of Npas4. CaN signaling is known to be important for islet function and survival, as demonstrated using a murine model with absence of nuclear NFATc1, a transcription factor downstream of CaN. Mice lacking nuclear NFATc1 develop hyperglycemia, hypoinsulinemia, and significant decreases in key beta cell genes (5) . In support of this prosurvival role, the CaN inhibitor FK-506, used for immunosuppressive maintenance therapy following organ transplantation, has well documented cytotoxic effects on beta cells, such as an increased incidence of new-onset diabetes or graft failure following islet transplantation (19 -26, 67) . Here we provide evidence that FK-506 treatment significantly inhibits both Npas4 mRNA and protein expression at a therapeutically relevant concentration ( Figs. 2F and 4 , I-L). Furthermore, we confirm the effect of FK-506 on the induction of cleaved caspase-3 in beta cells. In the absence of stimulation or with inhibition of calcineurin via FK-506, Npas4 is not expressed, and, therefore, cytoprotection against FK-506 is not expected. To bypass one of the normal induction pathways (i.e. through calcineurin), Npas4 was adenovirally overexpressed, which reduced cleaved caspase-3 levels ( Fig. 9, A-D) . A possible explanation is that, although FK-506 increases cell death independently of Npas4, its cytotoxic effects are exacerbated by the inability to induce Npas4.
Notably, CaN signaling has recently been linked to islet survival via the PI3K/Akt pathway (6) . The cross-talk between the two pathways provides further support for our observation that Npas4 expression is driven by both CaN and Akt and potentially mediates some of the effects on islet survival.
In summary, we demonstrate the involvement of the calciumdependent CaN, Akt, and CaMK signaling pathways in the regulation of Npas4 expression and protein stability in pancreatic beta cells. Npas4 expression was regulated tightly in accordance with its role as an immediate early gene. Inhibition of CaN using the beta cell toxic immunosuppressant FK-506 increased beta cell apoptotic signaling, an effect prevented by Npas4 overexpression. This further establishes a beneficial role for Npas4 in enhancing islet survival, which may hold therapeutic potential in enhancing graft survival during islet transplantation.
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